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I. INTRODUCTION

A, SUMMARY

This report is a comprehensive report covering the period 27 June
1971 to 29 June 1973. It is the final report on work consisting of prelaunch
and orbital support, and data reduction and analysis for the NASC-117 experi-
ment, sponsored by the Naval Air Systems Command as part of the Navy
Sub-LF Satellite Communications Technology Development Program. This
experiment was carried by the satellite OV1-21S orbited by the U. S, Air
Force, Space Experiments Support Program (SESP) Flight 70-2 on 7 August
1971. Technical guidance and experiment review was provided for the Navy
by Mr. Loren S, Bearce of The Naval Research l.aboratory, Washington, D. C.
The primary objective of the measurements was to determine the
linear and nonlinear components of the amplitude and phase of the impedance
of an electric-dipole antenna at voltages much higher than plasma potential ‘
and at seven frequencies in the ELF/VLF range from 40 Hz to 14,5 kHz.
The instrument operated successfully for the duration of the satellite !
lifetime of 27 days. A total of 41 hours of data was obtained.
The instrument is described in detail in Section II. In Sections III, 1V,
and V, prelaunch support, calibrations and orbital support are reported. The
data reduction is discussed in Section VI, and the data analysis is described

in Section VII. Finally, the significant results are compiled in Section VIII.

B. BACKGROUND

Measurements of the linear component of the antenna impedance of
electric-dipole antennas at ELF/VLF have been perforimed on the Aerobec 4.58
and 4,59, the Black Brant 4,09, and the Javelin 8.45 rocket flights, and on the
1SI1S I, ISIS II, Injun 5, OV3-3, and LOFTI-1IA satellites (Refs., 1 through 9).
These measurements have produced the following results: (1) The impedance
of the sheath surrounding an electric-dipole antenna dominates the impedance
at the terminals of the antenna; (2) no effect in the VLF range has been scen at

the characteristic frequencics 1n the plasma diclectric constant, such as the




BIRERIRARNAC NP M 2 Sghery oy T A o AR b, R WD 1

—— N

ion-cyclotron frequencies and the lower-hybrid-resorance frequency; and
(3) at moderate drive voltage (~10 V p-p), harmonics of the excitation fre-
quency are observed in the signal from an clectric-ficld antenna perpendicular
to the driven antenna (Ref. 9). The measurement resuits dermonstrate that .
such an antenna system is nonlinear; however, 1t is not possible to determine
where or how the nonlinearity occurs.
The fundamental differences between the data obtained with these
flights and the measurements required to determine the nonlinear effects of

the plasma on the antenna system are as follows:

1. The excited-antenna current and voltage waveforms are not
telemetered. In order to determine the nonlinear portion of
the impedance, both the antenna current and voltage waveforms
must be telemetered with as large a bandwidth as possible. The
signal induced on a receiving antenna, such as the ones used on
IS1IS 1, ISIS 1I, and the Black Brant 4.09, is partially isolated
from the excited anternna by the intervening plasma and sheath
and may not have the same waveform as the excited antenna
current. These previous experiments have returned only the
rms voltage and current from the driven antenna and this
determines only the linear component of the antenna impedance. .

2. With the exception of possibly the Black Brant 4. 09, the driv-
ing voltages are not high enough to exceed the induced v x B
voltage. For ISIS II, the maximum driving voltage (0.5 V p-p)
does not exceed the sheath potential. To assure that all non-
linear effects are exhibited, driving voltages much greater than
v x B must be used.

3. The receiving antennas used for the Black Brant 4.09, ISIS I, and
ISIS 11 are not fully isolated from the excited antenna, but share
a common sheath at the base of the antennas. Since most of the
antenna admittance is at the antenna base, it is possible that
the voltage induced on the receiving antenna is in part caused by
the modulation of the sheath potential rather than by a penetra-
tion of the electric field into the plasma. This is essentially
the mechanism by which the interference signals from the solar
cell array were induced on the electric-field antenna on OV3-3
(Ref. 6).

, 4. Simultaneous magnetic measurements were not performed on

' the Black Brant and ISIS experiments. It is highly desirable to
mcasurc both the clectric and magnetic intensities of the {iclds
which penetrate the plasma. If the excited antenna is generating
ion wavces in the plasma, these can be identified Ly the completely

clectrostatic character of the ficlds.
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An efficient radiating system cannot be desighed without a detailed

knowledge of the antenna impedance characteristics(Refs, 16, 17).

" The measurements discussed above have determined only the linear ;i
component of tne impedance. Complex nonlinear characteristics of the imped-
ance at voltages above the plasma potential are predicted by nonlinear
Langmuir probe treatments (Refs. 10, 14, 17, 18). A measurement of the
nonlinear component of the impedance is required to determine the applica-~
bility of the concept of impedance matching to the proposed communication
system and to verify these theoretical analyses.

It is also necessary to determine the extent to which characteristic
frequencies in the plasma dielectric constant, such as the ion cyclotron
frequencies and the lower-hybrid-resnnant frequency, affect the nonlinear
component of the impedance. To date, no effect has been seen at these
frequencies in the linear component, The evidence that such an antenna '
system is nonlinear has been demonstrated at ELF/ VLF by recent rccket
raeasurements, and at higher frequencies by the Alouette sounder measure-
ments,

The Javelin 8.45 linear impedance measurements show an unex- e

PR

plained phase shift of approximately 45° when the antenna axis is aligned with
the geomagnetic field (Ref. 4). A measurement of changes in the near-field
of the antenna as well as of the nonlinear impedance may clarify this phenom-
enon,

Besides power losses within the sheath, it is necessary to determine
under what conditions and to what extent power is lost to electrostatic plasma
turbulence.

Calculations presented by Scarf (Ref. 11) predict the runaway electric ‘
field to be orders of magnitude smaller than the electric fields expected in the -‘
vicinity of the antenna. A measurement of the electric fields in the vicinity of
the antenna for all plasma conditions of interest to the preposed system is

required to determine the extent of transmission losses associated with electro-

ot~ o

b adla [
static plasma turbulence.
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The effective current source for the radiation field consists of the
current flowing ian the sheath and plasma as well as that on the antenna. A
measurement of the ac magnetic field at the ferrite-core-coil magnetic
antenna during excitation of the primary dipole may be used to determinc the
extent to which the sheath and plasma currents cancel the antenna current.
The results ohtained from this experiment are required for the

design of a practical ELF/VLF satellite transmitter.
C. SCHEDULE

The pronosed project schedule together with the actual performance
are shown in Fig. 1. Most tasks were completed on or ahead of the scheduled
completion date. Items dependent on computer data reduction, such as digiti-
zation of baseband data, ephemeris calculations, PCM-ephemeris merge, and
aspect program modification were initially delayed by a computer hardware
change from the CDC 6600 to the CDC 7600 at The Aerospace Corporation.
The increased speed and capacity of the CDC 7600 allowed these items to be
completed by July 1972. '
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II. DESCRIFTION OF EXPERIMENT

The OV1-21S (1971-.67A) spacecraft was launched from the Western
Test Range on 7 August 1971, into a polar orbit with a 102-min period, an
87.6° inclination, a 921-km apogee, and a 800-km perigee. The spacecraft
was spin-stablized with a spin rate of 1.5 rpm after the antenna assemblies
were deployed.

Figure 2 is a diagram of the spacecraft configuration. The electric-
dipole antenna consisted of two STEM elements, each 16-m long and 1.27-cm
in diameter, deployed perpendicular to the spin axis. The magnetic-field and
electric-field intensities were measured by a ferrite-core-coil magnetic probe
and two dual-sphere electric probes, respectively., These probes were deployed
on a 2-m long boom approximately 2 m behind the electric-dipole antenna.

In addition to the VLF instrumentation, the satellite contained a boom-
mounted spherical ion retarding potential analyzer and a body-mounted planar
ion retarding potential analyzer (Fig. 2).

The electric-dipole antenna was sinusoidally excited at seven voltage
levels between 10 mV and 100 V peak-to-peak at 400 and 730 Hz and 1.3, 2.3,
3.9, 7.35, and 14.5 kHz following the sequence shown in Fig. 3. FEach
voltage was applied for two seconds. Following the 100-V step at each fre.
quency the experiment was quiescent for two seconds to enable the receivers
to monitor ambient VLF signals. An 18-sec quiescent period followed the
100-V excitation at 730 Hz.

Six broadband channels on two S-band transmitters were used to
transmit the impedance and ELF/VLF receiver data to the U.S. Air Force,
Satellite Control Facility, Range Tracking Stations using the channel format
shown in 1"ig. 4. The voltage waveform exciting the primary dipole antenna
directly modulated one of the transmitters with a bandwidth of 30 kHz. The
resulting current waveform at the feed points of the dipole antenna directly

modulated the other transmitter with a bandwi . T1he VLF signais




NASC-117 ANTENNA
(~ 2-m boom)

SPIN AXiS NORMAL TO
NASC-117 DIPOLES

NASC-117
SPHERICAL ION TRAP

NASC-117 DIPOLES {~ 1. 3-m boom])

(16 m each)

Fig. 2. OV1-21 configuration.

QUIESCENT
39 13 74 23 11145 730 4001] 39
k2 kHz kH¢ kHz || kK2 H2 Hz 1] kH:
i ] i i 11] J
20 40 60 80 100 120 140 160
TIME, sec

Fig. 3. Excitation sequence of the primary dipole antenna. (The
program repeats with a period of 128 sec. The impedance
of the dual-sphere antenna is measured during the time )
periods designated by the asterisks.)




125~  VLF B-FIELD éﬁ‘% L VLF E-FIELD
100 +— —
T
5 15 PRIMARY DIPOLE IRIG [
& CURRENT AGC CHE COMMUTATOR
<
(V8]
Fr
50 |- -
- IRIG -
ELF E-FIELD Iie ELF B- FIELD
25~ PRIMARY DIPOLE B
VOLTAGE OR BROADBAND PRIMARY DIPOLE
VLF E-FIELD 0.3-30 Kz CURRENT OR
VLF B-FIELD
0
TRANSMITTEr No. ! TRANSMITTER No. 2

Fig. 4. Channel assignments for the two S-band telemetrv
transmitters.,




detected by the magnetic- and electric-fieid probes were transmitted on

IRIG channel G's with a bandwidth of 5 kHz and 18 kHz, respectively. The
ELF signals from the probe anternas were iransmitted on IRIG channel 16
with a bandwidth of 600 Hz, In addition, data from narrow-band ELF/VLF
reccivers and from the ion retarding-potential analyzers were telemnetered

on a 512 word-per-second PCM commutator.
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III. PRELAUNCH SUPPQRT

Prelaunch support at Vandenberg Air Force Base was provided
almost continuously frorm 9 July to 1 August 1971, A complete set of
calibration data was obtained at that time. These data were reduced and
compared with calibration data obtained in the laboratory and at General
Dynamics Convair., The combined calibration sets were used for post-flight

data reduction.

"'. -11-
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IV. CALIBRATIONS

A, PRIMARY DIPOLE IMPEDANCE

A schematic diagram of the circuit used to measure the primary
dipole voltage and current is shown in Fig. 5. The current is measured by
measuring the voltage drop across the 1.0 =i resistor ia series with the
antenna. Prelaunch calibrations were obtained hy placing impedances of
known magnitude across the primary dipole. Following the notation shown

in Fig. 5, the voltage vou at the output of the automatic gain control (AGC)

t
amplifier is related to the volta e Vin at the input of the AGC amplifier by

in = avout (1)

where @, the attenuation of the AGC amplifier is derived from preflight mea-~

surements of V. and V____,
in out

The voltage across the 1.0 kQ current measuring resistor is then

related to V, by
in

Vlk ) Vin/G (2)

where G is the gain of the level matching network between the 1.0k resistor
and the AGC amplifier. This passive network sets the level of the voltage at
the input to the AGC amplifier at approximately the same value over the

entire range of drive voltages from 0. 01 to 100 V. The current through the

1.0 kQ resistor is then

in Vant

Lk " G%1000 - 1900 + 2 (3)

-13-
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™ “EXTERNAL
GENERATOR CALigRATE]  000mwf L;AUBRAHON

| SATELLITE
= GROUND

FLOATING
GROUND

K | Vik :

+—{ STEM }------ 3
J ;\ZOOO/LM —I>b> LW GAIN AGC
LEVEL HIGH GAIN AGC
|| MATCHING|
NETWORK Vout

CURRENT

Circuit that measures the impedance of the primary
dipole: antenna. (The internal calibration mode is
sel.cted by ¢.ound command. The external calibra-
tions were performed prior to launch,)
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and the load (or external calibration) impedance i3

2 vant ) 1000 vant G 1000
L1 - V. -
1k in

For the prelaunch calibrations Z

L= Rj and from Eq. (3)

V. X Ok +R.) =V G X1k
or dividing by 1.0 kQ

v =
,lnX (1 + R/1000) VantG

(4)

(5)

(6)

From the telemetered flight data the magnitude of the load impedance

at low voltage drive is determined from Eq. (4) where Vant G is known from

preflight calibrations and Vin is obtained from the high or low gain AGC mea-

surements in the commutated data. At high voltage drive only the fundamental

component of the current waveform is used for Ilk in Eq. (4).

Two sets of prelaunch calibration data were obtained and used for the

determination of the matrix Va. G. The first set was obtained on 21 June

nt

1971 at General Dynamics Convair. The second was obtained on 11 July 1971

at Vandenberg Air Force Base. On both dates resistors of known value were

placed externally across the primary dipole antenna. With the instrument

operating in its normal, high voltage, data taking mode, the data for a com-

plete block of frequencies were obtained for each resistor. The values of the

resistors used were 0.5, 1, 2, 4, 8, 10, 20, 40, 80, 100, 200, 400, and

800 k2. The 1.0 and 2.0 k2 data were used as the primary calibration data

because they yielded the highest currents and the highest signal-to-noise

ratios in the broadband data. The data from the two prelaunch calibrations
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B. FERRITE-CORE-COIL MAGNETIC ANTENNA

The effective area of the magnetic antenna was measured to be
180 m? at 400 Hz. The measured resistance of the 3600 tura coil was 690%.
At 1.0 kHz the measured Q was 13. The 0 dB level was set at approximately
150 my for each of the narrowband channels. The range of the intensity mea-

surements was -60 dB to 0 dB.

C. DUAL-SPHERE ELECTRIC ANTENNAS

The 0 dB level was set at 100 mv for each of the narrowband chan-
nels. The range of the intensity measurements was approximately -60 dB
to 0 dB,

Table I. Matrix of Va tG Values Determined from Preflight
Calibration§™

vantG’ mV
Excitation
Voltage (V) 0.01 0.1 1 3 10 30 i00
Excitation
¥requency (Hz)

400 299 672 798 | 1181 967 842 880
3900 309 693 823 | 1218 998 869 908
1300 305 634 813 | 1202 985 §58 896
7350 294 659 783 | 1159 949 826 863
2300 326 731 868 | 1285 | 1053 916 957

14350 526 | 1182 | 1404 | 2077 | 1701 1481 1548

730 340 764 907 | 1342 | 1100 957 { 1000
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V. ON-ORBIT OPERATION

The SESP Flight 70-2 was launched on 7 August 1971. On-orbit
support was provided at the U.S. Air Force, Satellite Test Center (STC) in

Sunnyvale, California, continuously from launch until battery depletion

cccurred on 6 September 1971,
Figure 6 lists the satellite characteristics. Acquisition of telem-

etry was commonly made at elevation angles of 5° or lower rather than the

design value of 15°. This resulted in increased telemetry acquisition time

for each station pass. «
The despin spin period was changed from 60 to 45 sec prior to

launch in order to improve stability.

The antennas were deployed for a predetermined time period based

on deployment rates measured by the vendor. The 53-ft extension at the end
of the deployment period was considered to be close enough to the planned
value of 55 ft so that further adjustments were not necessary.

Two anomalies occurred during orbital operation. Evaluation of !
NASC-117 data showed that a warmup time was required for the automatic ;
gain control amplifiers that conditioned data for the 30-kHz broadband 3
telemetry channels. The impact of the warmup time was minimized by
operating the satellite at a high duty cycle for three or four hours and then
leaving it off for the remainder of the day. After two weeks of operation in
this mode, the aspect of the satellite to the sun had changed enough so that
the warmup period was not required.

The second anomaly was a continuous current leak that developed
in the satellite battery system. This leak reduced the active life of the
satellite from 60 days to 27 days. Because the satellite operation was
monitored continuously, the malfunction in the battery was immediately
detected, and the satellite telemetry scheduling was increased to obtain as
much data as possible before battery depletion. As a result, a total of 41
. hours of operation was obtained instead of the design operation time of 54

hours,




PLANNED

LAUNCH DATE: JULY 31
ORBIT: 450 NM
INCLINATION: 87.6°
ACQUISITION: 15°
SPIN RATE: 1 rpm
ANTENNA DEPLOYMENT 55 ft
SATELLITE LIFETIME 60 days
HOURS OF OPERATIONS 54 hr

ACTUAL

AUGUST 6
429 x 498 NM
87.6°
5°
1.5 rpm
53 ft
27 days
41 hr

Fig. 6. Planned and actual satellite characteristics.




The major effect of the shortened lifetime was to curtail the
planned program of OV1-21S coordination with other VLF satellite and
ground station receivers. The first several weeks of operation were spent
in establishing operations among the various agencies and personnel oper-
ating the other receivers. As a result, little simultaneous data recording
occurred before the end of life of OV1-21S.

The orbital support is summarized in Fig. 7.

o 27-DAY SATELLITE LIFETIME

e REDUCED FROM 60 to 90 DAYS BY ANOMALOUS
DEPLETION OF BATTERY POWER

® 10 ACQUISITIONS PER DAY
¢ INCREASED FROM 6 PLANNED

@ OPERATIONS MONITORED CONTINUALLY FOR
27-DAY LIFETIME

Fig. 7. Orbital support provided at the Satellite Test Center,
Sunnyvale, California.
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Vi. DATA REDUCTION

A, INTRODUCTION

Figure 8 is a flow diagram of the data reduction procedure. The
objective of this procedure is to prepare the telemetered data for analysis,

Each telemetry tape from a Range Tracking Station (RTS) is
processed in three passes. In the {irst pass, the PCM data from the com-
mutator (channel E, transmitter 2) is digitized and formated for use in the
computer. In the second pass, the analog voltage and current waveforms
(transmitter 1 baseband and transmitter 2 baseband, respectively) are digi-
tized for Fourier analysis. For this digitization, the telemetry tapes were
run at 30 ips, which is a 4:1 reduction from the speed at which they were
recorded at the RTS. Each waveform was sampled at 25, 000 samples per
second using the Simultaneous Sample and Hold (SS and H) digitization pro-
gram, One hundred millisecond intervals separated by two seconds were
digitized. In the third pass, the analog data were dubbed onto tapes which
were sent to Stanford University for RAYSPAN spectral analysis.

Ephemeris data from ADC spacetrack are used to generate tapes
with orbital elements at hourly intervals, These tapes are then processed
by the BLAMEX computer program to generate ephemeris parameters and
magnetic coordinates at one second intervals. These data were then merged
with the formated PCM data by the Satellite Merge and Calibrate Program
(SMAC). The resulting SMAC tape is then used as input for the aspect and

reduction programs,

B. OVi-21 VLF PROGRAM

The VLF program prints the required experiment status, orbit
parameters and satellite aspect as well as calibrated data from the experi-

ment sensors, The print out is organized into blocks which contain 128 sec

of data. IEach block originates at time zero relative to the program

-21-
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ORBIT DETERMINATION SATELLITE EPHEMERIS ION
FROM ADC SPACETRACK [ [BLAMEX) pom 1 Mo Tie Vs
ORBIT
Y ASPECT PARAMETERS
DIGITIZE MERGE AND
ITIZE MAT |- CALIBRATION |»— NMtF Lo REGEWED
PCM DATA [SMAC) L
! LINEAR
iMPEDANCE
DIGITIZE (SS and H) IMPEDANCE
SASEEMR, ST || Mivsis A o
TELEMETRY a
TAPE POWER
> SPECTRAL IMPEDANCE
DENSITY n
DUB ELF/VLF
SPECTRAL
RECEIVER > RAYSPAN [-—| SPECTRAL

Fig. 8.

Data reduction flow diagram.
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A sequence shown in Fig. 3. Examples of the data printed by this program
.. . for one data block are shown in Figs. 9 to 18. These data were acquired
by the tracking station on Hawaii during orbit 58.

b . The first page, shown in Fig. 9, contains the experiment status
A in the upper left hand corner, SIG for the data mode and CAL for the

i calibrate mode; B-FIELD if the VLF receiver data are being taken by the

" magnetic antenna and one electric antenna or E2-FIELD if data are being
taken by both electric antennas; and HIGH if the excitation voltage steps

extend to 100 V p-p or LOW if the voltage steps terminate at { V p-p. For

5 82002 i 2o

the block shown in Fig. 9 through 13, the status is data mode, with magnetic
; antenna data, and the voltage steps extend to 100 V p-p as indicated by the
3 words SIG B-FIELD HIGH.

The orbit parameters are printed out every 16 sec at the 0. 01 V
excitation at each frequency. On the page, shown in Fig. 9, the rms electric
3 ' . potential in millivolts and the rms magnetic-field intensity in milligamma

detected by the VLF receiver at the excitation frequency are also displayed,

These data are the average values of four samples cbtained over the two
seconds at each excitation level. The impedance of the electric antenna is
measured when the primary dipole excitation is 100 mV; hence, no electric

b field data is obtained for that step. The data in the column labeled PASS are
; ambient levels measured when the primary dipole is not excited.

On the next page, shown in Fig. 10, the impedance of the dual sphere
electric antenna parallel to the primary dipole, measured four times during
the 100-mV p-p excitation step, are displayed together with the rms broadband
(the bandwidth is 600 Hz) ELF electric potentials and magnetic-field intensi-

ties from the receiver,

During the 18 sec when the primary dipole is not excited following
the 730 Hz excitation, the DC potential between one of the monopoles and

the spacecraft is measured, These data are contained on the third page

5ay

shown in Fig. 11, together with orbit parameters, the calculated value of

the DC potential, VxB- T, induced by satellite motion through the plasma,

£ 2 2B AR L

and the levels measured by the narrowband channels of the VLF receivers.

.
"
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STATUS

SIG B-FIELOD  HIGW

FRZQ UTINE UTINE e L INVL ALT LY Mt SAT VEL LAY ELONG M.AT MELONG SUM
KHZ S€C HR WIN SEC  GAUSS &R DEG KM HR HR KM/SEC 0EC DEG DEG OEG

b0 81939,2 22 45 39 L40267 ko711 62,55 8hi. 15.3 1%5.2 7445 519 249.1 59.0 305.0
3,90 A1955.2 22 &5 55 60107 Lob? 61,78 839, 15,3 15,2 745 5C.8 269.1 58.1 305.3
1,30 81971.2 22 46 11 39931 belb 60,93 838, 15,3 15.2 7.45 69.9 249,2 5742 305.6
T35 R1987,2 22 46 27 L39763  4.00 60.01 037, 15.3 15,2 TebS §8.9 249,2 5642 3¢5.9
230 82003.2 22 46 43 ,39540 3.77 58.99 836, 15.3 15,2 7.45 8.0 249.2 55.3 306.2

14,35 82019.2 22 &6 59 .3932% 3.53 S57.85 835, 15.3 15.3 7.45 87,0 269.2 S&.3 306, 6

72 R203%.2 22 A7 15 39096  3.30 56.59 834, 153 15.3 7.45 4601 2692 53.% 306.6

0,00 820%51.2 22 47 31 ,38853 3,19 55.92 832, 15.3 15,3 TebS WSt 209,31 52.5 306.9

ELECTRIC FIELD

(MILLIVALTS)
FREQ 10mv 1009y 1¥ v 10v 3ov 100v PASS
b «555 c.008 «X29 1.4871 8.483 30.691 122,975 i) .

73 + 325 o.000 b8 8,797 16,383 65,585 97,545 «286
1.30 «178 04008 2.753 11.559 16,710 25.035 67,419 «178
2,30 «196 9.008 2.410 9.385 10.309 16,651 43,343 189
3.98 178 0.80¢8 273 4,013 84460 15.665 364995 «178
7.35 b 0,000 o675 2.004 7.967 13,345 37,908 o665
14,35 0319 .000 3.1 L) 2,526 6,881 17,824 116,699 +258 )

MAGNETIC FIELD
(AILLIGANNA)

FREQ t1ony 1004y v 3v 10V 30v 100¢ PASS
b0 20,306 210503 21.651 23,697 39,147 100,977 356,276 23.835
o3 294639 62,026 27,066 68,523 195,685 414,163 414,163 23,859

1.30 «129  Wl708 84652 Tho433 207,223 215,404 193,098 183

2,36 34502 64777 404008 209,206 209,206 209.206 209.20% 3.008

3,90 4.021 3,955 10,026 1014748 105,002 105,062 166,024 1.429

4 T.35 8,626 8356 21,293 185,619 201,993 201.993 201,993 571

18,35 5,208 55,018 216,017 216,017 214,017 216,017 214,017 4,270

' Fig. 9. Typical printout by VLF program. (This page contains

: the orbital parameters for one block of data as well as
the rms potentials and rms magnetic-field intensities
from the narrowband receivers.)
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FREO
o0
73

1.30

2.30

3.90

7.35

14035

FREQ
o4l
73

1.30

2.30

3.90

7o 35

14035

FREQ
okl
73

1.30

2430

3.90

7.35

14,35

1

0.

6.TUE®IS
1.32€+05
1.91E405
9.12E+04
Se0LF* 04
2.02€+04

10MV
8.18
7.61
7.57
6.88
7.83
7Te43
Se8l

108V
Se76
4.75
4.93
Selth
he81
671
6,80

E1-IMPECA
(OHNMS)
2

8.41E¢05
9.36E+05
1.L5E¢05
1.91€¢05
9.12E+ 04
Se01E+0&
2.02€+04

100MYV
71.97
9.1
5.62
Se67
562
Seh2
5.62

1004V
8.22
be28
4e12
b,22
4450
5459
25492 3

NCE
4
1.00E+07 1. 00€+07
6.96E£+05 6. 31€405
1.51E¢05 1.58€+05
1.91€+05 1.91€+05
9. 12E+04 9, 12€+04
5¢25E¢04L 5.25E+04
2.02E+04 2.24LE¢ 04
E«ELF
(MILLIVOLTS)
iv 3v i0v
6.60 32.73 71,97
5.62 715 16,58
6,70 6417 6,48
Se¢75 562 588
6,38 6e16 6.06
7.85 7.64 S.84
5.83 Tolbl 8.51
B~ELF
(MILLIGAMMA)
iv 3v tov

8.87 31.21 34,77
bobS 954 34,77
3.96 5405 11,04
La70 17.68 29.62
401 5.26 10.86
8.19 3be77 34,77
o7 3477 34.77

AVE
6+ 95E¢05
7.34E+05
L. LTES0DS
1.91E¢05
9.12E40%
S+13E+04
2.08E+04

30V
71,97
71,97
8. 66
786
7.19
11.03
71.97

30V
34,77
34077
34,39
W77

691
34.77
34077

100V
71.97
71497
10.53
8.94
5.62
7.02
71.97

i00v
34,77
3k 77
14415
34,77
LeS57
34,77
16.21

PASS
10.28
8475
9.95
8.40
8.22
9.59
7.81

PASS
459
bels
7.10
“.6‘.
11,93
6426
5.03

Fig. 10. Typical printout by VLF program. (This page contains

the impedance of the dual-sphere antenna measured four

times during the 100-mV excitation step at each fre-

quency. The rms broadband ELF potentials and

magnetic-field intensities are tabulated for one data

block. )
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e OC VOLTAGE ELECTRIC MARROWBAWD (PASSIVE) NAGNETIC NARROMBAND (PASSIVE!
; UTIME & MLAT  OC  ¥XB,L
3 SEC GBUSS  DENG  VOLT VOLT .60 73 1.3 2.3 3.9 7,35 16.35 ,40 o73 1.3 2.3 3.9 7.35 14,35
,. 82051.2 3885 52.5 -.180 -,.28% o281 425 o418 19 .16 .30 26 22,70 24426 o13 2405 1,46 A7 W27
2 82051.7 . 3A8L 52,6 -,140 -.303 «21 429 418 419 18 W30 26 23,33 26426 13 2,06 1.4%5 o83 &,27
e 82052.2 3884 52,4 -,206 ~-,316 021 229 <18 419 18 30 W24 26063 24426 ot3 2,11 1,60 « 96 Lo27
t 82052.7 L3843 52,6 -,23% -,327 e21 429 18 .19 18 30 .26 25,31 25.16 o13 2417 1.52 «92 & 27
L. 82053.2 ,3882 52,3 -,257 ~,.336 «21 36 18 19 .18 .37 .24 20.93 26.08 «13 2,78 1.66 «96 &, 27
2 8205%.7 J3ARY 52,3 «,257 -,36& «21 429 J18 L19 .38 37 24 20.93 26.08 o183 2,73 1,68 o9 6,27 1
B 8205642 L 38AL 52,3 =257 =,369 «21 429 L18 19 .18 .37 .24 20433 26.08 «13 2,73 1,60 296 4,27
3 A2056.7 3880 52,3 ~.282 ~,353 «21 429 +18 .19 .18 .37 .26 20.93 26,08 o13 2,68 1,63 1,08 &,27
s, R2055.2 J3A79 52,2 -,282 -,3564 «21 229 W18 .19 18 .37 26 20493 2h.26 o13  2.41 1,60 e 427
3 82055.7 3478 52.2 -.282 ~.356 «21 229 18 419 18 37 24 20493 24.26 13 2,45 1.60 «932 &o27
e
3 \
3
v .
é A206h.2 J3ATY 52,2 =,2A2 -,351 e21 429 W18 .19 18 37 J26 20493 24426 o13 2485 1,60 «89 4,27 R
K 82056.7 (3877 52,1 =,282 -,346 021 229 J18 .19 .18 .37 L?4 20,92 24426 e13 2,65 1,63 o7 W27
E: 82057.2 3875 52,1 -.782 -,3460 +21 029 18 L19 .18 .37 W24 20,93 .26 o13 2,45 1,66 1,01 &.27
o A2057.7 3475 62,1 -.282 ~,331 21 429 18 .19 18 W37 426 20,93 26426 o13 2,45 1.60 «80  &,27 .
%3 B205%.?7 L 3AT4 52,0 -,257 -.321 21 429 W18 .19 .18 L37 L26 20.93 24.26 o413 2,50 1.56 1.21 &, 27
3 R205%.7 ,3A7Y 62,0 -,257 -.308 e21 229 18 L19 18 37 24 20,93 24.26 «13 2,50 1,52 099 4,27
; 82059.2 ,3ATY 62,0 -,231 -,29% e21 .29 418 L19 18 37 424 20493 24.26 o133  2.50  f.6i 096 W27 A
k2 82059.7 L3A7? 52,0 ~,231 -,278 e21 +29 18 .19 L1868 37 .26 2093 24.26 «13 2,58 1,39 o806 4,27
) A2060.2 347t 51,9 =,206 -,261 «21 .29 L1819 18 (37 .24 20.93 25.16 «13 2.50 1.39 o8 L2
B 82060.7 L3870 51.9 -.180 -,262 21 429 o183 .19 .18 W37 24 20493 25416 o13  2.45 1,46 <86 Le27
B 820142 +38R% 1.9 ~.156 ~-,222 «21 429 .16 .19 .18 .37 .26 20.93 25.16 13 2.33 1.50 «90 4,27
; 82061.7 ,38F) 51,4 =,129 -,200 e21 429 W18 419 418 30 .24 21450 25.16 o13 2.36 1.6 096 427
7 72062.2 3658 51,8 =,103 -.178 021 229 1% 419 18 37 26 20493 26.26 «13 2,41 1,63 1419 &27
5 82062.7 ,31F7 51,8 «,078 -,154 e21 429 1% 419 18 30 L26 20.36 24.26 13 2.3t 1.57 t.21 & 22
. A2063.2 ,00b6 51.8 -,062 ~.130 «2% 229 L1819 .18 30 .24 20.36 24.26 e13 2417 1.5¢ 1,10 &, 27
2 82063.7 . 165 61,7 ~.027 -.104 e21 229 15 L19 .18 30 24 19.67 26.26 «13  2.08 1.49 o807 W27
7 A2064e2 o 38A5 S1e7 =.001 «.079 21 229 o183 419 18 38 426 20,36 204625 13 2441 1,86 1405 &,27 .
A A2064,7 , 384 51,7 ,026 -,062 o281 429 18 .19 18 o37 W26 20,36 24426 «13 2.15 1,31 «83 W22 "o
b5 820652 . IA6Y S1.h 068 -,026 21 229 18 .19 18 430 426 19,67 18.35 o13 2406 1.29 128 &,27 :
9 A20RS.7 , 1862 S1.6 ,L073 ,L001 021 229 18 .19 .18 30 L2k 20436 24426 13 2413 1,22 .67 &27
é? 92066.2 3861 S1.6 097 ,027 +21 229 .18 .19 .18 37 .26 19.67 23.40 «13 2.11 1,22 <83 627
& #420h6.7 L 3A61 S1.5 .122 ,05% e21 .25 W18 419 18 30 .26 19.67 23.40 «13 2,13 t.20 o881 4,27
§
:
=
3 Fig. 11, Typical printout by VLF program. (This page contains
E: the data obtained during the 19-sec quiescent period. )
3 It includes the measured DC potential between one STEM
: antenna and the body of the satellite, the Vx B. T poten-
: tial calculated from the model field, and data from the
3 narrowband receivers.)
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In Fig. 12, the magnitude in kilohms of the primary dipole impedance,
assuming that only the fundamental frequency is present in the current wave-
form, is printed as APPROXIMATE IMPEDANCE MAGNITUDE. The true
magnitude is computed by the Fourier Analysis Program described below.

The aspect angle of the antennas with respect to the geomagnetic
field and the satellite velocity vector are also printed in degrees in Fig, 12.
In the coordinate system used, the axis of the primary dipole antenna is
parallel to the y axis, the thrust axis of the OV1-20 propulsion module is
parallel to the x axis, and the epin axis of the satellite is parallel to the z
axis,

In Fig. 13, the voltage induced by the motion of the satellite
through the plasma as calculated from the model geomagnetic field is shown
for each excitation voltage and frequency step. These data are referred in

time to the center of each step.

C. ION TRAP PROGRAM

The SMAC data is also processed by the ION program. This pro-
gram determines the total ion density, th=> ion temperature, and the fractional
abundance of OF using data from the planar ion trap. The data is presented
as tables and plots for each RTS acquisition. An example is shown in Figs. 14
and 15,

D. FOURIER ANALYSIS PROGRAM

Amplitude calibrations for the broadband analog current and voltage
waveform data from the automatic gain control amplifiers are determined by
the VLF program and fed to the Fourier Analysis Program together with the
digitized current and voltage waveform date. The Fourier Analysis Program
computes the amplitude and phase of the impedance of the primary dipole
antenna using four cycles at each tfrequency. The program also computes the

amplitude of each harmonic of the current waveform,

-27 -
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APPROXIMATE IMPEDANCE MAGNITUOE s

FREQ 108V Loony iv 3v 10v 3ov 1o0v PASS 3
obl 3.644 14,620 25.416 45.418 53.560 44,610 LTS & 1 0.008 .
73 24261 12,935 3401466 36.765 48.19% 58,431 59.975 g.000 K
130 4,036 16,381 30.581 41,879 56,930 50,919 64,898 0.0¢60 )
2,30 3.613 11,238 21,067 47.536 32.,00A 37.767 50.761 2,000 :
3.90 3,691 14,089 27.597 65,683 29.621 37.062 40.762 0.000 i
7.35 1+966 9.858 17,066 39,192 17.270 244266 36.073 8.000 ]
18.35 24691 6,085 6.960 11.200 7,355 7.323 5.617 0.000 ]

ASPECT DATA=-<~ANGLE BETKSEN B AND Y :

FREQ 10MY 100MV v 3v 10v 30V 100V PASS
o0 150,824 133,960 116,896 99,774 82.630 65.458 48,421 31,496
o73 “2.379 25,512 10.002 12.001 27.971 h.291 61,983 79.126
1030 124,598 141,615 158,297  172.061 1644204  147.898 130,955 113,963
2.30 42,007 $9,066 764,202 93,356 110,502 127.617  144.515 161.212
3.90 15,282 8.359 22.375 39.063 56,082 73.191 904335 107,484
7.35 96,719 79.567 62,431 45.357 28,460 12,532 9.923 25.1%5
14,35 173,045 161.601 145,026 128,014 110,898 93,750 76,591 $3.451

o e ok

O R

o at

ANGLE DETWEEM V AND X

FREO 108V 100MY v v 10v 3ov 100v PASS
ok 136.8487 119,727 102.500 85.258 68,020 50.822 33,747 17.167
73 26,501 Ye472 13.403 29.495 46,674 63.635 80.6851 93,078

1.30 160.105 156,952 171,579 165.466 169,148 132.118 114,942 97.713
2.30 58.850 76,053 93,303 110.533 127.720 1hb,797 161,403 172,799
3.90 7.152 20.210 36.958 Shel78 71,272 83,513 105.754 122.972
7.35 80.469 63,245 46,077 29.088 13.000 9,608 244820 t1.710
14435 161.,07¢ 164,627 127,308 110.152 92,924 75.696 58,489 41.360

AL S

[

Fig. 12, Typical printout by VLF program. (This page contains <
the magnitude in kilohms of the impedance of the primary !
dipole antenna calculated using the assumption that only
the fundamental frequency is present in the current wave-
form, This page also contains aspect data. (B, y) is
the angle in degrees between the geomagnetic field and
the axis of the primary dipole antenna and (V, x) is the
angle in degrees between the satellite velocity vector
and the thrust axis of the propulsion module. )
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: FREQ 10MY 100MV 1V v 10v 30V 100V PASS
e okl «076 ~+039 -e150 o247 -e 322 ~e367 -s378 ~¢355
4 73 -4 350 ~e308 -e238 -olb? 063 «065 «167 «253
', 1.30 o374 v363 «318 0265 o149 o040 -s073 *.179
o 2.,3¢C + 036 o142 236 «309 353 «365 o 3bb «291
2 3,90 ~¢299 ~.216 -.113 ~,00% o112 21k «296 «351
i 7.35 ~e268 ~.332 ~e365 ~e366 -.333 =270 -.182 ~e077
: 16,35 212 «113 +«00S o100k -+203 -e283 ~e336 -e360
b .

L
5
R RN

Fig. 13. Typical printout by the VLF program. _(This page contains
,} the computed value of the voltage, v X B . {, induced along

E: the antenna by its motion through the plasma in the pres- :
ence of the geomagnetic field.)
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12

V.TINE
§2620.00
82630,00

82665.74
82675.74

82706.73
82716.73

R2749.00
82759.00

82783,04
82798,04

HP828,32
82838.3¢

B?869.70
HB2B79,.70

#2909.234
82919, 36

82951.28
82961.28

82992.15
83002.15

83032,87
A3Ne?.87

83073.76
R3083.70

BIt14,67
83126.47

AL AT
59.01
$6.62
54423
51.83
49,42
“l1.02
Lbo62
“2.21
39.80
37.40
36499
32.58

30.17

Fig. 14.

SGLZEN

Sé. 19

S3.61

52.89

52.c5

S51.68

51.19

So0.78

50ekte

59.20

$%.03

49.95

49,96

50,05

@$V1-21 REV 84.4 VTS

N TOTAL
o.
ol

4.9004130E04
©.9128180€+04

4.7828840E+04
¢.5686400E+04

%.2806500E+04
4,1902270€E+04

5.1719500€+064
$.2015540E+04

$.5210170E+0%
5575\ 1T0€+04

Seb31 1 T2F 04
5.7161630E+06

5.9015370E04
5.8965250E+04

6,0035320E 06
5.96A4180E+06

6.0755310E+06
£.2045060E 06

0.
o.

65.9014990E+04
6.8571840E+04

7.1921020E+04
7.2303450E+04

TEMP
o.
o.

2.077048B0E+03
?.6500180E+07

2.62648570€+03
248992910€4+03

1.8154520€ 03
2+8377960E+07

2.3750000E+02
3,0884380€+03

2.1310710E+03
24879427Z0E+03

2.3750000€+03
2.9771070E403

2.069790705+03
2.3836010E03

242317990€03
2.2915100€4+03

2.3655060F 03
3.3103920€E+02

0.
o.

2.67648500F 03
2.8231500€+03

Pe7291150F 03
2.8765620E03

VAR*!.VES
o.
G.

1,0525000F +02
2.0747000E+01

%.1616000€+02
1.4461000E03

A.26R7000€403
2¢726J000E*02

4.5611000F 02
1.5687000E+01

9.,2767000F +02
4%44065000E40)

1.1173000E 02
1.2954000€+01

3.5970000F +02
1.7393000€ 02

143114000E+02
240530000€ 02

2.1524000E 002
B,667H000E+0]

0.
0.

8,4589000€402
6.8513000E+01

1.2950000€+02
2.0681000€°01

0+/10
0.
0,

4¢2364150€+07
©.6189460E+03

“+2735200E+03
4.5592500£¢03

3.4819000€+0)
3.7843660E+0)

443982330€+03
©46970330€+0)

4+SBB43IJ0F+0)
©.9155080E+073

4.8908380€+03
#.8398790E+0)

boTa95120F +03
5.0586050F+03

4.7999110€+03
4.B864020E03

4.864R400E03
5.7562020€+03

o.
0.

5.8094300E+03
6.0723290€E03

6e0626610F+03
643555740F 03

Typical printout by Ion Density program.

{The parameters are the Universal Time in
seconds, the magnetic latitude in degrees,

the solar-zenith angle in degrees, the total

ion density 1n particles per cubic centimeter,
the ion temperature in degrees Kelvin, the

ion temperature in degrees Kelvin, the variance
of the fit to the ion trap data and the oxygen ion
density divided by 10 in particles per cubic

centimeter,)




S

e 3ot
eh

bk org

nlex B o

b s et

Al

 pzac

R AT

et 3

[ et v

ERRIE R o e es on- o kel S lad

1) 031 [] 71) o4t » [ o) £8
1 T LS e T Y

105 ; xx X KX xe ax  FX 7
- e Xy Xx xx XX xx XX xx uX

104 = R T
E . .: ‘: v: 9: ': -® ve '. . . . .. ) .

103k . - . 7
- -

- - - .

102 E ® © - ° - - i
:s& Ne e 2% 3.3 IN? S.I.Z N0 W.s N2 WO MNE 00 N1 %2 NS We 5. 1
"m ne 6 S4.2 9.8 4A%s 20 446 422 NME Y.ea N0 6 N2 22,8 D& 2%he 2.6
ut 0. 82707, $774%. BEIUR. SIVV. PIWVL. PIWMY. PIVBL. PIML. XN PXTA. $I1a. PNIL. P'9r. PRIV PIVR

1()1 [ATERUNETE SINNN NS S S RN S T L SO0 1; 1 A 1

82670 82670 82770 82870 82970 83070 83170 83270
UNIVERSAL TIME, scc
Fig, 15, Microfilm plot of the total ion dgnsity in cm°3(X), oxygen
ion density divided by 10 in cm~7(p), ion temperature in
*K(+), and 105 times the variance of the fit to the planar
ion trap data (@). (The data is plotted as a function of
Universal Time in seconds. The solar-zenith angle and
magnetic latitude in degrees are annotated on the plot.
Data acquired at Vandenberg Tracking Station during
Rev. 84 on 12 August 1971,)
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The voltage waveform is sinuscidal and expressed as

Vi = VO/Z + Vsl sin wti + Vc1 cos mti

where

5 N
N

2

vBl '(N_——-—l—)—&{j=t Vj sin wtj At

N
- 2 ’
Ver = o “A"Jz::lvjcos wt 5 Ot

In Eqs. (8) to (10) the measur :d voltage waveform value at t;

and At is the digitization interval.
with excitation frequency as shown in Tabel II,

Table II. Number of Harmonics Used in the Expansion of
the Current Waveform

Frequency (kdz) L
0.40 25
0.73 25
1.30 15
2.30 8
3.90 5
7.35 2
14.50 |

32
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(7)

(8)

(9)

(10)

;is V.
1sJ

The current waveform is taken to have L-1 harmonics where L varies
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The current waveforin is then expressed as

L
L =172+ nz=:1 I, sinn wt, + 1 cosn ot ] (11)
where
2 X |
IO = mjgllj At (12)
2 N
Isn = m jz=:1 Ij sinn wti At (13)
and
2 N
ICn = m J§ IJ cosn wti At (14)

The current waveforms calculated from Eq. (11) using the coeffi-
cients calculated from Eqs. (12), (13), and (14), are plotted together with
the original digitized waveforms for a visual check of the fits obtained.
Several examples are shown in Figs. 16 to 20,

The amplitude of each harmonic of the current waveform is

1/2

A = (2 +12 ) (15)

By definition the amplitude of the impedance is the rms voltage at
the fundamental frequency divided by the rms current at the fundamental
frequency. A schematic diagram of the circuit used to measure these

parameters is shown in Fig. 21,

«33.
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0V1-21 BASEBAND~---CURRENT WAVEFORMS

T T 7 T T T T T T T T | T T T
D181 TID LSPPUTED 2300, H2Z

1.0

. oy T, e ¥

AMPL | TUDE

- TIME (SCALE FACTOR-1.E-%)

Fig. 16. Microfilm plot chowing a comparison of the digitized
current waveform and the waveform computed using
Eq. (1 {) for 10-V exc1§atlon at 2300 Hz. The ion den-
sity is 1,26 X 10% em (Data acquired at 18.09 UT
on 16 August 1971. Satellite position — alt: 916 km,
INVL: 20.2°; B: 0.262 g, LT: 03:18,)

- 34.
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0V1 -21 BASEBAND---CURRENT WAVEFORMS

L L L L 1 ] 1 L 1 i 1 T | L =
«DICITIZED LH0PUTED 1300, H2=

AMPL I TUDE

. —— r—

- BEBELTHE CSCALE FACTOR-1. E-5)

Fig. 17. Microfilm plot showing a comparison of the digitized
current waveform and the waveform computed using
Eq. (11) for 3-V e;:citation at 1300 Hz. The ion density
is 1.36 X 10% cm™2. (Data acquired at 18:09 UT
on 16 August 1971. Satellite position - alt: 916 km,
INVL: 20.8°*, B: 0,268 g, LT: 03:18,)
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<o * TIME (SCALE FACTOR-1.E-5)

Fig. 18. Microfilm plot showing a comparison of the digitized
current waveform and the waveform computed using
Eq. (11) foi 3-V excitation at 7350 Hz. The ion density
is 1.3x 104 cm~3. (Data acquired at 18:09 UT

on 16 August 1971. Satellite position — alt: 916 km,
INVL: 20.5°*, B: 0.265g, LT: 03:18.) .
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T X7 Y T T 7 T T ™ 7T T T | 3;0 .
L) H M
% .mcman.gvuvto * e
120,0 xX x% X -
5' i,” *x uT 65362.3
Y 2% A #
9.0 ’; 4 N 1 X 3' x x
) S 1 Po% T .
60.00 * x * ¥ x » x
x x x x o x x x
% S ¥ % 2 % *
2.00 * k¢ % 1 » ¥ - . E
w x x x x x x : x g
o z L g . hg -
S oo * ; < ; 4 -4 K4 4 .
— x x x x x F 4
- % x % e » ;
&'-no < - bl % 3 » % .
b i x X x v » B
a x x x . "
« ¥ 3 X : } - S
-60.0 4 . -
: ’ : ? x x x )rt
¥ « % x ¥ x -
% . t x ”
-9.0 - -
v PR ; 5
x x x
- - X E v I
s x x® )(' e -
3 ‘? x x
1% > i f Aol B 3 1 L 1 '.‘ﬁ N
0.400 20.00 4.0 60.00 ko.oo 100.0 |’ [] 140.0 160.C ’ 0.0 220.0 240.0 280.0 .0 200.9
- o TIME (SCALE FACTOR- l E-S

Microfilm plot showing a comparisor of the digitized
current waveform and the waveform computed using

Eq. (11) for 30-V exc1§at10n at 1300 Hz.
sity is 1.36 X 104 cm

on 16 August 1971.
INVL: 20.8° B: 0.268 g, LT: 03:18,)

-37.

The ion den-
(Data acquired at 18:09 UT
Satellite position - alt:

916 km,
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Fig. 20. Microfilm plot showing a comparison of the digitized

current waveform and the waveform computed using
Eq. (11) for 100 v exsmtation at 2300 Hz. The ion den-
sity is 1.2 X 104 cm™>. (Data acquired at 18:09 UT

on 16 August 1971, Satelli’2 position - alt: 916 km,
INVL: 20.2°, B: 0,262 g, LT: 03:18.)
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Fig. 21. Primary dipole excitation and impedance measuring circuit,
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The magnitude of the impedance is obtained using Eq. (4) by

multiplying the total current, measured by V;,, by the ratio of the funda-

mental current amplitude to the total current amplitude. T
iz | VantG 1000 VantG ;
Z + 1000 = = (1 6) i

L Ilk(AI/ZAn) Vin (A1/2An)

VantG is tabulated in Table I, Vin is obtained from the commutated data, and
and Al/ZI An is computed by the Fourier Analysis Program.

The relative phase ¢, of the voltage waveform is obtained from
Eq. (7)

-1 !
¢, =tan  V_,/V _, (17) :

The relative phase ¢, of the fundamental frequency of the current '

waveform is obtained from Eq. (11).

1 |
¢, = tan Isl'llcl (18) ':

' The relative phase of the irnpedance is

: $, =9 - 9, (19)

where the convention is chosen that positive ¢, represents inductive reactance
and negative ¢, represents capacitive reactance. '
The absolute phase is determined by normalization to the phase of
the 100-V excitation step during the calibrate mode. During the calibrate
mode, which is turned on by ground command for iwo minutes cach acquisi-

tion, resisiors and capacitors are switched into the impedance n:easuring
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circuit as shown in Fig, 21, The internal calibration elements are changed
with each voltage step as shown in Table III,

Examples of the phase angles obtained during the calibrate mode at
a frequency of 2.3 kHz during Rev, 55 are shown as closed circles in Fig. 22,
At the lower drive voltages, the impedance of the primary dipole antenna
dominates the circuit. As the drive voltage increases, the magnitude of the
antenna impedance increases and the impedance of the calibration
circuit elements decrease until the 1.0 k@ calibration resistor at the 100-V
step dominates the parallel combination circuit. At the 100-V step, the
impedance is essentially 2.0 kQ resistive (the other i k2 is the current mea-
suring resistor shown in Fig. 21).

The phase angles for an entire acquisition are normalized to the
phase angle of the appropriate frequency during the 100-V step of the cali-
brate mode. This phase angle is taken to be zero. Three blocks of phase
angle data from Rev, 55 are shown as open symbols in Fig. 22, These data,
taken over a period of eight minutes, vary systematically with voltage step
and demonstrate the general consistency of the phase measurements.

Examples of data printed by the Fourier Analysis Program are

shown in Figs., 23 to 27.

Table III. Circuit Elements Inserted to Calibrate
the Primary Dipole

Voltage (V) Resistance Capacitance
0.01 1.0 MQ -
6.10 510 k$2 220 pF
1.0 - 470 pF
3.0 51,0 k@ -

10.0 10.0 kQ2 -
30.0 5.1 k2 -
100.0 1.0 kQ "
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Fig. 22. Phase angle plotted vs excitation voltage for four blocks

of data (indentified by the four symbols) in the SIGNAL
mode and one block in the CALIBRATE mode for excila-
tion at 2: 3 kHz. (Data acquired between 21:37 and
21.45 UT on 10 August 1971, Satellite position - alt:
854-818 km, INVL: 67.4-41.3°, B: 0.409-0.328 g,
LT: 15:30-1%:42. The impedance parameters are the
values of the civcoil elements placed across the anlenna
in the CALIBRATE mode.)
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Figure 23 contains the amplitude of each harmonic of the current
waveform for excitation at 2.3 kHz, The units are arbitrary. The harmonics
read from left to right with the fundamental listed first for each voltage
step.

In Fig. 24, the phase for each frequency during the 100-V step of
the calibration mode is printed out., The phase angles of the impedance for
each voltage step are tabulated by block at the bottom of the page. The angles
are taken relative to those of the 7th voltage step of the calibration mode as
explained above. On the next two pages shown in Figs. 25 and 26, the ampli-
tude of the fundamental A, and the amplitude of the total current ZAn = ATOT
are printed in arbitrary units for each data block.

Finally the magnitude of the impedance calculated from Eq. (16) is
printed for each block in Fig. 27. The 0.01-V p-p data are deleted because
the signal-to-noise ratio in the broadband data was too small to obtain a good
fit with the Feurier Aralysis Program and the channels measuring Vin were
dominatled by noise. Although the broadband data were acceptable for the
0.1-V p-p excitation, the channels measuring Vin were still dominated by
noise. Hence, the impedance data at 0.1 V p-p are not valid, Both the broad-
band and AGC data (i.e., Vin) were measured with adequate signal to noise at
all excitation voltages from { to 100 V p-p. In some instances, the low gain
commutated data measuring V, = were saturated during the 30-V p-p excitation.
At these times, the broadband data were generally valid and could be used to
determine the phase of the impedance. However, the magnitude could not be
obtained since the measurement of Vin Was invalid.

All of the reduced data were carefully checked for each of these

anomalies. Only broadband and commutated data free from such anomalies

were used in the parametric studies discussed in section VII.
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AMPLITUDES FOR 8 HARMONICS A1

VOLTAGE STEP 1
«137€+02 L168E+01
VOLTAGE STEP 2
«SI0E«02 .1T70E~00
VOLTAGE STEP 3
«992E+02 .823€+01)
VOLTAGE STEP 4
«8S0E+02 .276E+02
VOLTAGE STEP S
«102E+03 L173€+02
VOLTAGE STEP 6
+106€«03 .817€E+01
VOLTAGE SYEP 7
«104E+03 -~ 188E+02

Fig. 23.

«154E+01
«365E+01
«778E+Q0
«4T8E+01)
«673E+01
«1G0E+0]
+863E+01

L K VesF AT, it . .

2430 hHZ

«162E+01 L29SE<0!1
+403E+00 ,352E+01
«270E+0] .150£+01}
«+203E+01 .373E+0)
+248E+401 353E+01
«841E+400 .260E+01
«423E+01 J636E+01

e44a

«214E+01
«976E+00
«231E+01
«304E+01
+469E+01
«631E+01
151€+02

«278E+01
«258E+00
«66TE+00
«240E+01
«104E+01
«160E+01}
«824E+01

«136E+01
«112E+00
«298E+0]
«311E+01
«137€+01
+428E+00
«287E+01

Typical printout by Fourier Analysis Program.,

(This page contains the amplitude of the current
waveform at the fundamental frequency, 2.3 kHz
in this case, and the first seven harmonics,
units are arbitrary.)
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40
33.iS

I T W OF Ly DI e O PR S e o e ashenaen war covens -

TTH VOLTAGE CAL MODE P! aS5E

3.50 1.30 7.35 2.30 14.35 73
87.64 .31.19 80.79 -53.61 74,63 48.05

PHASE ANGLES RELATIVE TO T7TH VOLTAGE CAL MODE
BLOCK START TIME 71271.0

040 ~116.213 ~96.750 -81.779 ~79.483 -31.614 -16.,029 «339
] -18.576 7.373 -135.701 -78.245 -14,048 -122.424 -78.19!
1.30 -73.123 -104.753 -35.733 -68,.828 -364,619 ~42.441 ~61.417
2.30 33.033 142,335 224622 75.338 28,801 102.231 -8.79¢
3.90 ~277,055 -130.3¢3 -25.995 -89,.254 -122.769 -73.955 64,357
7.35 -128.643 -98.567 -45.928 -56.389 -27.688 1.069 6.388
164,35 172.895 79.507 264.420 -232.275 85.179 -295.017 ~-333.716

BLOCK START TIME 7'399.9

040 -51.219 37.842 42,364 33.569 -110,218 ~96,896  ~106.181
.73 -12.451 -1.223 -56.910 -71,887 -47.770 18,952 -27,187
1.30 -84.902 -68.836 -66,903 -52.865 -13.291 -85.665 -17.263
2.30 128.867 106.573 61,117 54,757 47,025 52.646 132,177
3.90 -390.263 -82.561  -344,61n  -113,979 -20,23 ~67,027  -118,014
7,35 -104.46] -20.005 -60.200 -13.45¢ -28,485 -88,797  -348,642
14.35 -7.983  -323.713 £.533 66.758 77.925 101.944 83,706
Fig. 24. Typical printout by Fouricer Analysis Program. (This

page contains the phasec angle in degrecs of the current
waveform with respect to the voltage waveform for the
seventh voltage step of the calibration mode data. It

also contains the phase angles in degrees for the other
data blocks relative to that of the seventh voltage step

of the calibration mode data. Data acquired between

19:47 and 19:54 UT on 10 August 1971, Satellite position -
alt: 888-872 km, INVL: 88.9-78.4°, B: 0.396-0. 399 g,
LT: 14:42-15:24,)
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UNNORMALIZEO TOTAL CURRENT AMPLITUDES
BLOCK START TIME 71271.0

40

« 73
1.30
2.30
3.90
7.35
14,35

BLOCK
40
«73

1.30
2.30
3.90
1.35
164,35

16,204
8,354
6.79l

12,871
6,408

17,789

26,859

13.399
22,390
50,925
43,178
43.376
44,868
63.807

START TIME 71399.9

4,677

7.957
10.530
12.383
12,058
19,025
11.835

Fig. 25.

47,562
42,869
35.256
26,985
52.962
39.955
62,391

Typical printout by Fourier Analysis Program.
(This page contains the total current amplitude

67,975
81.659
101.386
98,414
91,487
78.960
81,035

91.660
99,362
99,844
85.902
96,158
75,401
85,499

98,941
82,195
87,231
92,564
84,568
69,900
86,794

97,276
87.340
90,944
89,909
80,630
70,349
86,554

109,957
87.820
87.520
99.291
80.021
69,223
92.049

115,736
97.134
106,183
115,219
88.459
79.202
90,709

129.180
94.452
70,987
53.866
95.300
90,490
92,904

132.665
87.417
78,807

106,169

110.236

100,539
96.527

134,296
128,233

86.502
i11.100
100.688
109.219

92.350

116.341
123.936

80,443
107.713
113,413
118.992

97.708

in arbitrary units computed using Eq. (11). Data
acquisition parameters identical to those in Fig. 24.)
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UNNORMAL TZEC FUNDAMENTAL AMPLITUDES
BLOCK START TIME 71271.0

40
I73
1030
2.30
3.90
7.35
14,35

BLOCK
b
73

1.30
.2430
3.90
7.35
16,3%

15.847
7.384
5,933

13.688
6,092

17,532

24,859

12.822
214131
$0.321
42.208
43.006
44,677
63.807

START TIME 71399.9

«763
1.598
8.628

10,913
11.913
18,803
11,835

Fig. 26.

46.996
42,458
34,524
26,053
52.676
39.512

62.391

Typical printout by Fourier Analysis Program.

66,438
79,647
100,931
97.819
91.383
78.805
81,035

91.094
98,974
89,410
85,638
95.976
75.317
85,499

QL RS i 5 e e o 71 Sy 4 g8

94,360
72.962
81.043
84,515
82,169
55.166
86,794

94,305
82.855
864,630
85,087
73.189
59.527
86.554

104.654
79.544
54,685
90.285
T4e,0612
S4.021
92,049

111.065
80.256
716.639
99.375
80.098
65.503
90.709

125.639
92,207
52.024
87.982
93.387
78.317
92.904

126,719
84,105
65.022

102.670

107,717
90,676
96,527

1244741
123,563
69 407
108,858
99.277
104,078
924350

108,432
118,950

66.487
105.352
111.962
113.931

97.708

(This page contains the amplitude of the current
waveform at the fundamental frequency in arbi-

trary units,

identical to those in Fig. 24.)

e47e

Data acquisition parameters




Cnusie LN LA KA oo (B

ro—

o

Sms e g AR F2N A T

ot rite £ }
rEa S v

st Ss i LAl

.Qo
.73
1.30
2430
3.90
7.35
14,35

&0
73
1.30
2430
3.90
7.35
14,35

o40
73
1.30
2.30
3.90
7.35
14,35

«40
«73
1.30
2.30
3.90
7.35
14,35

Fig, 27.

IMPEDANCE MAGNITUDE CALCULATION

8.7 Te7
8.1 5.l
2.2 9.4
1.8 9.6
1.6 8.4
166 4.7
2.6 5.9
6.8 8.9
1.8 5.7
7.7 6.0
3.3 3.5
2.9 10.9
1e6 3.7
1.7 5.2
4.6 Teo
3.6 5,7
1.9 4,2
1.7 4.5
1.6 4,46
1.5 3.6
2.6 5.9

Typical printout by Fourier Analysis Program.

VG/ (Al1/ATQT)#v]
42,9 55.4 63,7
27.6 35.9 49.2
18.8 36,1 78,6
17.7 33.0 33,6
17.8 39.8 25.2
12.6 46.1 18,3
7.0 11.2 7.2

18.2
16.9
23.0
I1.9
19.1
11.7

7.0

25.7
16.9
13.6
15.4
11.9

8.2

7.0

26.0
32.8
28,5
29.0
34,8
31.5
11.2

27.8
2l.2
37.5
34,1
33.1
32.7
11.0

21.9
21.9
18.9
19.6
27.9
2.4
11.2

41.2
68.2
68,1
44.6
23.4
17.0

5.9

38.3
12.2
60.9
27.5
29.2
213

3.8

— pt

—
N~ &N W
® o e o o o o

oV VOVOCO

44,2
36,9
85.5
41,8
32.7
24,4

6.7

40.9
45,6

"T1.7

38.9
32.8
21.9

Se7

& &SNy
e o o ¢ o o o

VCNOWWwW

39,9
5243
125.8
78,7
47.0
38.5
Seb

36.4
58.7
122.2
72.7
44,6
36.8
4.9

36.2
2.2
120.8
2.1
46,7
34,9
1.3

—

-4
SE=MNOMNNPN
® o6 0 0 0 0 o
OVNO®WWMN

(This

page contains the magnitude of the primary dipole

impedance in kilohms.

seven voliage drive levels in increasing order,
acquired during adjacent blocks starting at 12:47 UT on
{. At that time the satellite position was
B: 0.996 g, LT:

10 August 197

alt: 888 km, INVL: 88.9’,
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E. DATA REDUCTION STATUS

The data reduction status as of 30 March 1973 is shown in Table IV,
The data analysis and results contained in this report are based on
the data reduced by 30 March 1973,

Table IV. Data Reduction Summary as of 30 March 1973

Range Tracking Station Acquisitions 252
High Voltage Mode Acquisitions 163
E2 - Field Acquisitions 22
Tapes Received From RTS 248
Tapes Ravspanned 134
Tapes Digitized 175
SMAC Tapes Generated 89
Tapes Processed by VLF Program 56
Tapes Processed by Fourier Analysis Program 20
: Tapes Processed by Ion Density Program 21
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VII. DATA ANALYSIS

A, PRIMARY DIPOLE IMPEDANCE

The circuit used to measure the impedance of the primary dipole
antenna is shown in Fig. 21,

1. LINEAR IMPEDANCE

a. Magnitude

The equivalent circuit that includes the linear ion sheath which sur-~
rounds the antenna immersed in the magnetospheric plasma is shown in
Fig. 28. The sheath resistance Ry, i8 given by (Refs. 19, 20, 21)
1/2 1/2

H+(S H+

_ 2
Rsh = kT-/e A+ [N

2 2 2 2
Vet Vi)  *No(VE+VE,) ] (20)
where k is Boltzmann's constant, T _ is the electron temperature, N is the
electron density, e is the electron charge, A+ is the ion collection area,
Vg is the satellite velocity, Vi is the proton thermal velocity and Vo+ is
the oxygen ion thermal velocity. In an oxygen dominated plasma vg is the

only significant term in the sum. In a hydrogen dominated plasma

vs ¥ VH+ > Vou Equation (20) ignores possible effects caused by the motionally
induced ¥ x B potential. Such effects have not been observed in the NASC-117
data.)

The sheath capacitance Csh is approximately the capacitance
between the antenna element of radius r and the plasma at an effective

radius of

reh”™ Zﬂ)\D+ r (21)

where )‘D is the plasma Debye length (Ref. 12). Thus

Csh = Zweo)\DI/In(rsh/r) (22)

-51.
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Fig. 28, Equivalent circuit for the linear sheath model of
the primary dipole antenna.
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The circuit parameters are listed in Table V.

For the OV1-21 orbit and experiment frequeucies, the plasma is
assumed to be infinitely conducting. The only exception to this approxima-
tion is when the excitation frequency equals the low hybrid resonance fre-
quency. According to available data, when this condition occurs the plasma
impedance is about ten percent of the sheath impedance. t A swept frequency

system would have been more effective for detecting this LHR effect.

Table V. Primary-Dipole Antenna and Impedance Measuring '
Circuit Parameters

Symbol Parameter Value
R Resistance 1 k@2
| C, Capacitance 1000 pF
i 2 Antenna length 16.15m
% r Antenna radius 0.00635 m
‘ A, 2rs 0.205 m*
| Vg Satellite velocity 7.5 km/sec

The magnitude of the impedance Z measured by the circuit
(Fig. 28) is then

Z.,=R+|22 Z_ /(2 +2Z)| (23)
where
; z, = 1/jw Ca (24)
|
! Private commaunication from Frank Palmer,

Communications Research Centre, Ottawa, Canada.
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(25)

wL << R

As an example, the values of the sheath resistance and sheath
capacitance of the primary dipole antenna calculated from Eqs. (20) and {22}
for an electron temperature of 1200°K are plotted as a function of electron
density in Fig. 29. The linear impedance Z_ expected for the antenna is
plotted as a function of electron density in Fig. 30. It should be noted that
over most of the density range applicable to the NASC-117 experiment, the
measured linear impedance at the lower frequencies is proportional to
T_/N. Hence, Fig. 30 can be scaled tc obtain the value of T_/N applicable
to an individual measurement.

Three examples of the data are shown in Figs. 31 to 33. The
impedance measured at 1 V p-p is plotted as a function of frequency in each
figure. The data for each plot was obtained over one frequency block or
128 sec. The total ion density Ni and ion temperature T 4+ 28 determined
by the planar ion trap during this 128-sec period are included on each figure.

Also included are theoretical curves obtained from Eq. (23). The
only free parameter is the electron temperature T_. The agreement between
the value of T_ required to fit the impedance data and the value of T, mea-
sured by the ion trap in many cases such as those shown in Figs. 31 and
32 is quite good, This represents one of the most complete validations of
the linear ion-sheath model for electric antennas in the magnetoplasma.

In some cases, such as the one shown in Fig. 33, there is a marked

discrepancy between T_ and T, with the value for T_ obtained from the sheath

«54a-
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Fig. 29. Sheath resistance and sheath capacitance plotted vs
ambient electron density for a linear ion sheath
surrounding the primary dipols., (The electron
temperature is taken to be 12(0°K.)
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linear sheath model.

e o BRI R, ¥y v..,,,.}ﬁ

AN BRI ALU it e n v ¢
- -

P e PR Ty

LR T R g e ome

(o | :
x 4
« N *"
- .
’i J
< i
]
N §
-
1 1 Lol L1l 1 L1 43111
10? 104 109



IMPEDANCE, k&

2
i
= 2 e e e o S e e '-'LJ

102

10

i | LR | | IIIIIII

B N = L14x10° em 3|
8 T, = 2600°K ]
3 fy = 0.15 |
b— T-’ °K —
3000
2600 *U St
2200 —C Q
- O —
1 1 | S Ll | L | L i 1 11 l

102

Fig. 31.

108 104

FREQUENCY, Hz

Impedance measured at 1 V as a function of excitation
frequency for a data block starting at 02:52 on ié Aug3ust
1971. (The measured ion density was 1, 14 X 10°cm

and the measured ion temperature was 2600°K. The-
oretical curves are drawn for electron temperatures of
2400, 2600, and 3000°K. Satellite position — alt: 817 km,
INVL: 29.1° B: 0,257 g, LT: 1{5:42.)
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IMPEDANCE, kQ
°
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1 | | IllLlll | ] IlLllll

1? 10° 10*

FREQUENCY, Hz

Fig. 32. Impedance measured at 1 V as a function of excitation

\ frequency for a da‘a hlock starting at 19:43 UT on
10 August 1971. (The measured ion density was 3.3
x 104 ¢m~3 and the measured ion temperature was
2600°K. The theoretical curve is drawn for an elec-
tron temperature of 2400, 2600, and 3800°K.
Satellite position — alt: 903 km, INVL: 76.8,

B: 0.399 g, LT: 05:06.)
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Fig. 33.

108 104

FREQUENCY, Hz

Impedance measured at 1 V as a function of excitation
frequency for a data block starting at 22:54 UT on

13 August 1971. (The measured ion density was 8.5
x 104 cin” The measured ion temperature was
2600°K. Theoretical curves are drawn for elec-

tron ter seratv:es of 1600, 2000, and 2400°K.

Satellite porition —alt: 807 km, INVL: 34.8°,
B: 0.299 g, LT: 15:24.)
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impedance significantly less than the value for T, measured by the ion trap.
This is a physically unreasonable result and further analvsis is planned to
determine if ion composition, vehicle potential, or photoelectron currents
contribute to this discr *pancy.

Analysis of the effect of photoelectron currents on the antenna
impedance has been done for a terminator crossing. The impedances mea-
sured during the frequency blocks immediateiy before and after a terminatox
crossing are shown in Fig. 34. The sheath resistance is decreased by the
photoelectron current. Equation (20) for Rsh must be modified to account
for the photoelectron current by the addition of the term jpeApe in the denom-
inator, where jpe is the photoemission current density and Ape is the total

emission area. Thus

) 2 2, ,2.1/2 , .
Rsh = kT_/[Ne A+(VS + V+) + Jpe Ape] (26)
Assuming A__ = A, and vZ = v2, Eq. (26) simplifies to
g pe + S +’ : P
kT /e
R, = - (27)
8h A, (N2 Nevg + jpe)

The planar ion trap measured N, = 1.2 X 1010 m-3

while vg =
7.4 km/sec during this terminator crossing. Hence, the first term of the

sum in the denominator of Eq. (27) is

5

j, = Nyvg = 1.96 x 107 Am™2 (28)

i
At 1.3 kHz, the impedance drops frora 74 kQ to 19 kQ between
eclipse and sunlight. Assuming there is no change in T_across the termi-

nator (no change in 'I‘+ was measured by the planar ion trap), the total cur-

ren: in the denominator of Eq. (27) must increase by a factor of 3.9 from
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T, =1300°K

T_ =1500°K

N, =1.2x100m3
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Fig. 34.

100 104

FREQUENCY, Hz

Impedance measured at 1 V as a function of excitation
frequency for two data blocks between 17:04:59 and
17:11:07 UT on 13 August 1971. (The satellite
crossed the terminator between 17:07:39 and 17:07:55
UT. Satellite position — alt: 916 km, INVL: 18.7¢,
B: 0.233 g, LT: 03:30.)
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eclipse to sunlight. This yields a value of photoemission current density

jpe = 57X 10°° Am~2
antenna. This compares favorably with the value of jpe = 8X 10'5 Am“z

for the silvered elements of the primary dipole

for the silver spheres on Injun 5 (Ref. {3).

b. Density Dependence

The magnitude of the impedance in the linear regime (1V p-p) is

plotted at 1.3 and 2.3 kHz as a function of plasma density as measured by

the planar ion trap in Figs. 35 and 36. The theoretical curves for T_ = 2400°K
and theoretical curves for T = 2400°K with a photoelectron flux jpe =

-5 -
6x10

to determine if the spread in the data can be attributed to the ion composition,

Am.2 are included in Fig. 35. Further analysis will be performed

ion temperature, or the ram angle of the electric dipole with respect to the
plasma flow. 1
The relatively low impedances at the lower densities are most likely
due to the photoelectron currents from the silvered antenna elements. Data
obtained when the satellite is eclipsed yield significantly higher impedances

than data when the satellite is illuminated by sunlight.

2. NONLINEAR IMPEDANCE §|

a. Magnitude

The magnitude of the impedance Zm of the primary dipole is shown
as a function of the applied voltage in Fig. 37 for a single frequency block
during Rev. 58.4. The magnitude of the impedance increases, as expected
as the applied voltage increases. In Table VI, the average impedance mag-
nitudes and the standard deviations are tabulated for all of the available
reduced data at 1.3 and 3.9 kHz. Each average was obtained from 47 data
points, The maximum and minimum impedance is also tabulated at each
voltage level.

The magnitude of the impedance is plotted as a function of the driv-
ing frequency in Fig. 38 for a block of data at 21:38 UT during Rev. 55. The
line drawn on each plot is the magnitude of the impedance |1/jw Cal of the

isolation capacitors.
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Fig. 35. Impedance measured during 1-V excitation at 1.3 kHz
as a function of ion density,
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b. Density Dependence

The magnitude of the impedance in the nonlinear regime (10 to
100 V p-p) is plotted at 400 Hz, 1.3, 2.3, and 3.9 kHz as a function of
plasma density in Figs. 39 to 42.

Table VI. Average Impedance, Standard Deviation, Maximum and
Minimum Impedance at 1.3 and 3.9 kHz

Excitation Excitation Average Minimum Maximum

Frequency Voltage Impedance Impedance Impedance
(kHz) (V) (k2) (kS2) (k)
1.3 10 76.6 £23.3 32.8 131.7
1.3 30 68.8 £ 20.2 32.1 118.1
1.3 100 115.1 £ 25.1 54,6 131.8
3.9 10 34,5+ 7.6 16.2 52.5
3.9 30 34.4 £ 5.6 22,2 41.4
3.9 100 46,9+ 3.9 40.3 54.8

c. Comparison with Theory

The magnitude of the impedance of the NASC-117 antenna has been

calculated by means of theory and computer programs by Shkarofsky (Ref. 10).

The input parameters, listed in Table VII, are those appropriate for an
OV1-21 data acquisition during Rev. 58 on 11 August. The average sheath
conductance and average sheath capacitance obtained from Shkarofsky's cal-
culation are plotted as a function of applied voltage in Fig. 43. The conduc-
tance predicted for the lower density, N, : t x 1010 m-3, is shown for
comparison.

In Fig. 44, the value of Zm obtained from Shkarofsky's data in
Fig. 43 using Eq. (23) is plotted as a function of the pecak voltage drive.
The measured values of '/',m obtained when N - 1,2 ~ 10“ arc also shown

on the graph for three frequen.ies
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Table VII. Input Parameters for Shkarofsky's Nonlinear Sheath
Calcalations

Case 1 2
Antenna radius (m) 0.00635 0.00635
Antenna half length (m) 16.0 16.0
Separation of feed points (m) 0.75 0.75
¥ x B . I voltage (V) 0.4 0.4
Altitude (km) 815 815
Electron Density (m'3) 1.2 % 10*" t,0x 10'°
H*/e concentration 0.1 0.1
He'/e concentration 0 0
 "/e concentration 0.9 0.9
Magnetic field, B (Tesla) 2.47x107° 2.47x 107>
Electron temp (°K) 1300 1300
Ion temp (°K) 1300 1300
sina 0.68 0.68
sinasun 0.95 0.95
vx B .1/vBL 0.13 0.13

The discrepancy at low voltages in the linear impedance regime is
in part due to the use of an incorrect electron temperature for the computer
calcuiations. The value of 1300°K was provided to Shkarofsky before the
planar ion trap measurements of ion temperature were available, The mea-
sured temperature is 2900°K. This will decrease the inagnitude of the theo-
retical impedance by a factor of 2.2 at low voltages (to tle dashed line in

. A A
rig. 2%).
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d. Phose

At low drive voltages, the current and voltage are approximately in
phase at the higher ion densities as shown in Fig. 45. At low densities the
current lags the voltage as expected. As the drive voltage increases, the
current advances with respect to the voltage waveform at all frequencies. The
phase angle as a function of excitation voltage for the seven frequencies is
shown in Fig. 46. The phases are normalized to the 100-V p-p data obtained
during the calibrate mode. At that vcltage step, a 1-kQ2 resistor is inserted
in parallel with the antenna. Since this resistance is much less than the
sheath impedance at 100 V p-p, the phase angle is essentially zero for that
step. The phase angle from the calibrate data is also shown in Fig. 46.

The phase angle for the six largest voltage steps are shown as a
function of frequency in Fig. 47. In Figs. 46 and 47, the data plotted with
open symbols do not follow the general trend of the majority of the data.
Sincc the reason for each discrepancy is not understood, they are not con-
nected to the other data points.

It is apparent from Figs, 46 and 47 that the phase advances with
increasing voltage drive and increasing frequency. This phase advance
implies an inductive reactance in the circuit. Such a result is contrary to
existing nonlinear sheath models which predict an increasing capacative
reactance as frequency and voltage increase (Refs. 10, 14).

This discrepancy is most likely due to the breakdown in the quasi-
static analysis used by these investigators. The basic assumption that under
lies their calculations is stated by Shkarofsky (Ref. 10)"... that the VLF
applied voltage can be considered as a dc effect for each instant during its
oscillation.” When this is not the case, the transit time of ions across the
sheath must be taken into account. Bunching and debunching of the ions as
they cross the sheath is the most likely expianacor for the observed induc -

tive phase shifts,

B. HARMONIC CONTENT

An example of the voltage and current waveforms at 1,3 kil far

cach voltage step is shown in Fig. 48. The voltage 1s shown at the top of
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each frame, the current at the bottom. The voltage waveforms remain
sinusoidal at all excitation levels. The current waveforms are sinusoidal
at the lowest three voltage levels. At higher voltage levels, the current
waveforms are distorted with the harmonic content occasionally exceeding
the power at the fundamental frequency.

The harmonic content in the voltage, current and field-intensity
waveforms can be qualitatively determined by RAYSPAN spectral analysis
of the analog data. Sample RAYSPAN spectrograms for an excitation fre-
quency of 1.3 kHz are shown in Fig. 49. Generally the harmonic content
of the electric-probe signal is similar to that of the excitation voltage,
whereas the harmonic content of the magnetic-probe signal is similar to
that of the dipole current.

A consistent feature of the data is a decrease in the harmonic power
content at the higher voltage levels. The maximum harmonic power relative
to the fundamental occurs at 10 V or 30 V peak-to-peak. The power spectral
density in arbitrary units is shown plotted vs frequency in Fig. 50 for exci-
tation at 10 and 100 V peak-to-peak at 2.3 kHz. At 10V, the power at the
first harmonic is -10.8 dB below the fundamental while at 100 V, the power

at the first harmonic is -18.3 dB below the fundamental.

C. RECEIVED FIELDS

Electric potentials at the seven excitation frequencies were mea-
sured by the dual electric probe antennas. One antenna measured potentials
V” parallel to the axis of the primary dipcle antenna. The other measured
potentials V, perpendicular to that axis. Magnetic field intensities were
measured by a ferrite-core, coil antenna. The geemetiry is shown in Fig. 2.

The impedance of the dual-probe antenna is measured during the
0.1-V p-p excitation step at each frequency. These data are used to validate

the linear impedance model that is used to determine the electric field inten-

sities from the measured potentials.
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Fig. 50. Power spectral density piocts for 10- and 100-V
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1. ELECTRIC ANTENNA IMI'EDANCE

The model of the circuit used to measure the impedance of the
dual-sphere electric antenna is shown in Fig. 51. The equations governing
the behavior of the sheath are essentially those used to describe the linear
sheath of the primary dipole antenna. Equation (22) must be modified to

spherical geometry, i.e.,
z —9 Sa (29)
The magnitude of the antenna impedance is

Zm = |zza zsh/(z._=l +Z

-

Wl (30)

and the ratio of the voltage ?in at the input to the preamplifier to the source

voltage ¢ between the spheres is

Z
a

Z_ +22
a ]

%in -

s

(31)

h

The circuit parameters are listed in Table VIII.

The ratio ¢, /¢  computed from Eq. (31) for T_ = 2200°K is plotted
as a function of electron density in Fig. 52. Al low densities, the impedance
of the antenna capacitance Ca dominated the circuit. An example of such low
density data is shown in Fig. 53. The measured impedance is fitted by the
line which corresponds to an impedance of {/w Ca'

At higher densities, the sheath resistance begins to dominate the
impecance at the lower frequencies. It is only at these higher densities that
the model can be quantitatively validated. An example of such data obtained

at higher densities during Rev. 242 is shown in Fig. 54.
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Table VIII. Electric Antenna Parameters

Symbol Parameter Value
r Antenna Radius 0.0254 m
A+ 1rrZ 0.002 m2
Vg Satellite Velocity 7.5 km/sec
Ca Capacitance 300 pf

The reduction in Z_ at the lower frequencies is apparent. The

theoretical curves for Zm’ calculated using Eq. (30) with N = 2 X 10“

2.5% 10“ m"> are drawn for comparison with the measured values.

and

The electric field intensities are cbtained from the electric poten-
tials measured by the dual-probe electric antennas by dividing the measured

potential by 0.8 X q’in/ws. The factor 0.8 is the pro:z separation in meters.
Hence

E“ =V“/(0.8X¢in/<ps) (32)

where qoin/tps is obtained from Fig. 52 which can be scaled for other electron

temperatures.
2, ELECTRIC FIELDS

In the normal operating mode, the rms magnectic-field intensities and
the rms electric potentials parallel to the primary dipole were measured by
the narrowband receivers twice per second.

An example of typical V” potentials measured during a higher den-
s'ty day time pass is shown in Fig. 55. The data are averages of four sam-
ple. obtained at a rate of two samples per second. At any given excitation
level, ‘here is spread in measured potentials of scmewhat less than an order

of magmtude.
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Electric potentials plotted as a function of the
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position - alt: 825 km, INVL: 34. 5°, B: 0.278 g,
LT: 15:24.)
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Upon command from the RTS, the data from the dual-sphere probe
perpendicular to the axis of the primary dipole antenna replace the magnetic
field intensity data in both the broadband and narrowband telemetered data,
An example of typical V“ and V, potentials measured simultaneously in this
manner is shown in Fig. 56. In general, the magnitudes of V“ and V,are

comparable at the location of the dual-probe antennas.

a. Density Dependence

At the highest excitation voltage, the measured V“ potentials in-
crease with electron density as shown in Fig. 57. A larger data set exhibits
the same behavior for the 30-V p-p drive voltage at 2.3 kHz in Fig. 58.

The potentials shown in Fig. 57 were converted to electric fields
using the procedure described previously. The resulting fields are shown
in Fig. 59. The increasing potential with density maps into a decreasing
field with density. Hence, the increasing potential is primarily dne to an
increase in <pin/cps, which outweighs the decreasing electric field intensity
as the density increases.

The dependence of the potential and electric field intensity on fre-

quency is illustrated in Fig. 60.
3. MAGNETIC FIELDS

The sensitivity of the magnetic field receiver was set to measure
minimum field intensities of approximateiy 1 my. This is the level expected
for naturally occurring ELF/VLF emissions and was chosen in order to
monitor these e 'sions. With this sensitivity, the range of the instrument
was insufficient to measure magnetic fields at the highest primary dipole
drive voltages. The magnetic field intensity at which the magnetic measure-
ment saturates is listed in Table IX.

Typical magnetic field intensities measured at the excitation fre-
quency during a block of data are shown in Fig. 61. At the higher frequen-
cies, the magnetic receiver saturates at the 1-V p-p excita on. At the

lower [requencies, the data suggest th~t the magnetic field intensily increasces
. - \lé L= -

roughly in proportion to the excitation voltage.
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of the primary dipole antenna as a function of excitation voltage.
(Data acquired at 01:49 UT on 16 August 1971. Satellite
position — alt: 822 km, INVL: 43.9°, B: 0.320 g, LT: 15:12.)
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Table IX. Magnetic Receiver Saturation Levels

Maximum Magnetic
Frequency (kHz) Field (my)
0. 40 356.3
0.73 414,.2
1.30 219.5
2,30 209.2
3.90 185.0
7.35 202.0
’ 14.35 214.0

4, ASPECT DEPENDENCE

When plotted as a function of Universal Time, the received
potentials at the higher voltage drives vary slowly over a single acquisition
which may include four or five blocks, i.e., measurements, at a given fre-
quency and excitation voltage. However, at lower excitation voltages the
measured potentials change by more than an order of magnitude in an appar-
ently erratic manner. Examples of electric field intensities derived from
such data are shown in Figs. 62 and 63.

When these data are replotted as a function of the angle (V, X) be-
tween the propulsion module axis and the satellite velocity vector, the data
becomes ordered as shown in Figs. 64 and 65. When this angle is 180°, the
primary dipole antenna is in ram with the plasma flowing from the primary
dipole toward the receiving antennas. When this angle is 90°, the plasma is
flowing parallel to the axis of the primary dipole antenna. When this angle

is 0°, the plasma is flowing {rom the primary dipole away from the receiv-

ing antenna.
We hypothesize that the signal detected by the receiver at the lower
drive voltages is caused by a damned ion acoustic wave pro

primary dipole to the receiving antennas. If the wave phas
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comparable to the plasma flow velocity and the attenuation length is

comparable to the distance from the exciter to the receiver, the signal irom
the downstream wave is significantly greater than that from the upstream
wave. This effect has been observed in a laboratory ion acoustic wave experi-
ment (Rei. 15).

D. DC ELECTRIC FIELDS

The DC potential between one of the STEM elements and the satel-
lite body was measured during the 18-sec-quiescent period at the end of each
data block. This potential together with the value of V"X B - 1 calculated from
the aspect data and model geomagnetic field is plotted for an RTS acquisition
in Fig. 66.

The range and phase of the measured DC potentials are in general
agreement with the calculations. It should be pointed out that the length £
was taken to be the full length (16 m) of one STEM antenna. The offset from
zero and slight lack of symmetry is most likely due to the complicated sur-
face properties of the satellite body. For example, the vehicle potential is
several volts negative according to the ion trap data. There is no reason to

expect the vehicle and the antenna to be at exactly the same potential.

E. CORRELATED MEASUREMENTS

The program for correlated measurements with other ground-based
and satellite-borne ELF/VLF measurements was severely limited by the
premature battery depletion on the OV1-21 satellite. All available data from
the VLF receivers at Stanford, Dartmouth, and Kodiak and the receivers on
the ISIS and Alouette satellites have been examined for emissions attributable
to the NASC-117 experiment. There was no evidence of any detected radiation
from the NASC-117 Impedance Experiment.

On simple thecoretical grounds no measurable signal was expected
to be radiated any significant distance at the very low current levels avail -
able to drive the short antenna. A nearby satellite should detect signals

from a much longer antenna driven at higher current levels {Ref. 17).
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VIII. SUMMARY

The data presented in this report represents only a small fraction
of the total acquired during the one month lifetime of the NASC-117 experi-
ment. The lack of funds and manpower preclude an in-depth analysis of the
entire body of data collected.

The major effort was spent on obtaining the magnitude and phase of
the primary dipole impedance since this was the primmary objective of the
experiment. The data presented in this report gives the range and trends
of all of the parameters measured. It also catalogs and demonstrates the

tools availzble for further in-depth analysis.

A. CONCLUSIONS

The magnitude of the measured impedance and its increase with
excitation voltage is in general accord with predictive models of Shkarofsky,
Baker, and the model used by Develco.

The phase of the impedance becomes progressively inductive as the
excitation voltage is increased. This is contrary to the available models
which predict a capacitive phase shift with increasing voltage. We hypothe-
size that the inductive phase shift is due to the finite time it takes an ion to
cross the sheath, and recommend that the predictive modeis be modified to
include ion transit times.

Other unexpected results include: (1) a decrease in the harmonic
content of the current waveform at the highest drive voltage relative to the
next two lower drive voltages, (2) the asymmetric current waveforms, and
(3) the possible generation of damped ion acoustic waves at the lower drive

voltages.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation iy conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems, Vey-
satility and flexibility have been developed to 4 high degree by the laberatory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-

fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric poliution, and high-power ga lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics: communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture meshanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Physics Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and compocition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionosphere, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.

THE AEROSPACE CORPORATION
El Segundo, California

3

SARALY g kYR o ot ,;fgmm\au. oo i

Ry

0 B SRS L

LR

g AR

2 Tpdtel

el SR S 2220
A A IR L AN S T O T

AN

Ls 4 et ML LUK M X dvnaorg oens




